From previously published demographic data of the age distributions and reproductive rates of the pale, intermediate and dark phenotypes of the Arctic Skua, revised estimates are obtained of the intrinsic rates of increase and selective coefficients of the phenotypes in each sex. Two significant components of selection are variation in age of maturity and variation in reproductive success.
INTRODUCTION
CAVALLX-SFORZA AND BODMER (1971) showed that selective coefficients can be estimated from values of the intrinsic rates of increase of phenotypes in a polymorphism. The Arctic Skua is a polymorphic seabird with pale, intermediate and dark phenotypes in its populations. Arctic Skuas have been studied intensively for many years on Fair Isle, in the Shetlands. O'Donald and Davis (1975) analysed data on the survival and reproductive success of the three phenotypes: their intrinsic rates of increase and selective coefficients were then calculated by Cavalli-Sforza and Bodmer's formulae.
The survivorship of Arctic Skuas has only been observed for adult birds, starting from the year when they first bred in the population. The adult birds are ringed with colour-coded rings, so that their survival can be observed from one year to the next. Doubtful birds, who have lost some of their rings, can easily be caught again and their rings replaced. However, the survival of the newly fledged chicks up to the age when they return to breed can only be estimated from the overall survival rates and the ages of chicks breeding for the first time. In the past, not many chicks, still with their original rings, have been recovered as breeding adults. During the last three years, however, we have been using very durable monel rings on the chicks, and thus hope to recapture all those who return to breed. This should produce direct observations on their chances of survival. O'Donald and Davis (1975) found that pale birds matured earlier than the others: on average they were about O6 of a year younger when they first bred in the population. They therefore have a considerable selective advantage because they have a greater chance of surviving to breeding age. This difference in 348 the mean age of maturity is very significant statistically, although it is based on a total of only 52 chicks. More data are necessary in order to obtain accurate estimates of the effect of this component of selection.
Sexual selection is also a component of the overall selection of the phenotypes (O'Donald, Wedd and Davis, 1974; O'Donald and Davis, 1975) . The dark and intermediate males appear to be more successful in finding a new mate: they mate earlier in the breeding season than the pale males, gaining a selective advantage as a result of the greater reproductive success of earlier breeding pairs; their improved chances of mating may be caused by female mating preferences (O'Donald, Wedd and Davis, 1974; O'Donald, 1976) . The consequent variation in reproductive success among the male phenotypes is a component of highly significant variation in reproductive success among the phenotypes of both sexes. Variation in survival, reproductive success and age of maturity may all contribute to the overall selection of the phenotypes. As estimates of the intrinsic rates of increase and selective coefficients, Cavalli-Sforza and Bodmer's formulae are first approximations; when applied to the data of the Arctic Skua, they underestimate the selective coefficients. In a note added to their paper in proof; O'Donald and Davis (1975) gave more accurate estimates of the overall intrinsic rates of increase and selective coefficients, based on a further and more exact analysis of the data. We present here the details of this analysis: we analyse the selection into its components and estimate the corresponding intrinsic rates of increase and selective coefficients; we also calculate the evolutionary consequences of the selection. The data, on which our present calculations are based, have already been published in tables 1, 2 and 3 of the previous paper (O 'Donald and Davis, 1975 where r is the intrinsic rate of increase, l the proportion of individuals that survive to age x, and b the average number of offspring produced at that age. Cavalli-Sforza and Bodmer (1971) assume that rx is small, and as a first approximation put e'' = 1 -rx giving the solution r = (R0-1)/R1, where R0 = 1b and R1 = x1b.
This formula is not sufficiently accurate when applied to the data of the Arctic Skua: the average intrinsic rate of increase is underestimated by about 30 per cent. However, r can be estimated to any required degree of accuracy using a series in powers of r of which the coefficients are calculated from the statistics R1 = xlb (j = 0, 1, 2, ...).
The series is given by the equation loge R0 = ccr + 13r212 + yr3/3 + ör4/4 +. where
The analytical basis of these calculations was originally given by Dublin and Lotka (1925) . Pielou (1969) gives a recently published account. If a second-order approximation is to be used we have the equation
The generation time, T, can then be found from the formula T = cc+flr/2+yr2/3+ör3/4+...
The statistics, R0, R1, ..., R, ..., cannot be calculated directly for the Arctic Skua, because the ages of the birds are known, not from the year they fledged, but from the year they first returned to breed. Only when they are incubating eggs is it possible to catch and ring them. If x' is the number of years an adult bird has bred in the population and 1' its probability of surviving for those years, then Given values of r for the three phenotypes, the relative fitnesses and selective coefficients can then be calculated as suggested by Cavalli-Sforza and Bodmer (1971) . If r1 is the intrinsic rate of increase of one phenotype and r2 that of another, then the relative fitness of the two phenotypes can be measured by the ratio w = en1T/e12T = e(n12)T, where T is the mean generation time. We have taken 7 from the formula for T using the mean intrinsic rate of increase of the females. The mean rates differ between males and females as a result of a few very long-lived females in the population of Arctic Skuas on Fair Isle. The values of w are not much affected by small differences in T, however; and the use of T for females gives values of w and the selective coefficients, s = I -w, that are consistent between the sexes when the same selection acts on them both.
Since the intermediates, as we classify them in our present research, are nearly all heterozygotes, while the darks and pales are hornozygotes, the estimated fitnesses and selective coefficients relate directly to genotypes in a genetic polymorphism. Thus predictions can be made of changes in gene frequency in subsequent generations. O'Donald and Davis (1975) found that the allele for pale would eventually replace the allele for dark. The present analysis confirms this conclusion.
RESULTS
The distributions given in O'Donald and Davis' table 1 (1975) have been used to calculate the values of R5 (j= 1, 2, 3, 4) and hence the intrinsic rates of increase of the three phenotypes of the Arctic Skua. These estimates include the effects of variation in survival, reproductive success and age of maturity. Table 1 of this paper shows the results of these calculations.
The selective coefficients shown in table 1 represent very large selective differences between the phenotypes. The factors of survival, reproductive success and age of maturity, which contribute to these differences, can be analysed by calculating the values of r produced by variation in each factor separately. Thus, in the calculations of r, one factor may be allowed to vary among the phenotypes while the other factors are averaged for all phenotypes.
O' Donald and Davis (1975) estimated the variation in intrinsic rate of increase that would be caused solely by the variation in the age of maturity. The values of R0 and r were calculated from the values of m and 1m for each phenotype and the numbers of chicks fledged by birds of each age regardless of phenotype.
The selective effects of survival and reproductive success can also be analysed separately in a similar way. We can find, for each phenotype and for all phenotypes, the average number of chicks fledged by birds of each age. Thus we can find the numbers of chicks fledged when the age distribution of the birds is averaged over all phenotypes and when their fledging success is averaged over all phenotypes. When these calculations are carried out, the high values of R0 for pale birds can clearly be seen to depend on the few, very long-lived pale birds. An analysis of variance shows that the average ages of the breeding adults do not differ significantly between the phenotypes. Yet The values of r represent the 4th order approximations, calculated from the power series up to the 4th power of r. The second approximation is very close indeed, but slightly overestimates the values of r in the 4th significant digit. The selective coefficients have been calculated using the mean generation time T = 8997 for females. These estimated selective coefficients differ slightly from those given in the note added in proof to O'Donald and Davis'
paper (1975) . There, the mean generation time was calculated from the actual intrinsic rate of increase between the year 1962 and 1973. This is not, however, typical of the overall rate of increase because the islanders illegally shot many birds between those years. For consistency in estimating the selective coefficients, we have used the estimated value of r in calculating T. There are also slight differences in the values of R0 for intermediates and darks compared with those given in the previous paper. In this paper we have used values of m and lm calculated separately for intermediates and darks: in the previous paper, the average values were used for both these phenotypes.
the differences in survival cause most of the differences in the selective In 1962 the gene frequency of the dark allele was 05582 in males and 0-4753 in females (O'Donald and Davis, 1975) . Using the fitnesses given in table 4, the subsequent changes in gene frequency can be predicted. These are given in table 6, showing that the allele for dark should eventually be eliminated from the populations of the Arctic Skua. The results are qualitatively similar to those given by O'Donald and Davis (1975) , but the rate of selection is reduced because the non-significant component of variation in survival has been eliminated. After one generation of selection, the observed gene frequency was in fact 05 143 when averaged in males and females. The
